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I 
SUMMARY 
A review of the  mechanism providing small thermal expan- 
s iv i ty  in  so l id s  sugges t s  t he  ex i s t ence  of macro-composite 
thermally stable gridworks. A kinematic theory of such grid- 
works is  developed.  Laboratory  models of s eve ra l  t i tanium/ 
aluminum composite gridworks are described, their  thermal expan- 
s i v i t y  i s  measured and compared t o  t h e o r e t i c a l l y  p r e d i c t e d  
values .  The ex is tence  of an essent ia l ly  zero  expans ion  con- 
s t r u c t i o n  i s  demonstrated experimentally. 
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1. INTRODUCTION 
Thermal expansion of structural  materials a r e  o f t e n  d e t r i -  
men ta l  t o  the proper  funct ioning of  advanced s t ructures .  They 
cause thermal stresses, fo r  i n s t ance  in  supe r son ic  and hyper- 
s o n i c  a i r c r a f t  and i n  thermodynamic p ropu l s ion  p l an t s .  Such 
stresses may i m p a i r  s t r u c t u r a l  i n t e g r i t y  and a r e   d i f f i c u l t   t o  
control by conventional methods of design. Thermal expansion 
i s  also undesirable  where very precise  dimensional  control  must  
be ma in ta ined  to  sa t i s fy  func t iona l  r equ i r emen t s  o f  t he  s t ruc -  
ture.   Optical   and  radio-frequency  sensors,   t iming  devices,   and 
m u l t i p l e  c a v i t y  w - f  ilters, f o r  i n s t a n c e ,  require s t r u c t u r e s  
tha t  r e t a in  the i r  d imens ions  wi th in  ve ry  c lose  to l e rances  wh i l e  
operat ing over  a substant ia l  temperature  range.  
The concept of using composite materials to achieve uni- 
d i r e c t i o n a l  l o w  thermal expansion over a w i d e  temperature range 
had  been  suggested  in  Reference 1. In  Reference 2 ,  a t h e o r e t i -  
cal  s tudy of  planar  f i lamentary composi tes  i s  r epor t ed  in  which 
the  thermal  s t ra in  tensor  of  the  composi te  i s  r e l a t e d  t o  the 
expansive  and e las t ic  p rope r t i e s  o f  f i be r s  and matr ix .  The 
p resen t  s tudy  dea l s  w i th  a macro-composite structure in which 
two types  o f  me ta l l i c  ma te r i a l s  a r e  combined i n  a b ina ry  
trell is  arrangement,  configured to yield compensation of ther- 
mal expansion i n  a p r e f e r r e d  d i r e c t i o n .  
2. MATERIALS OF LOW THERMAL EXPANSIVITY 
Thermal expansivity of solids is primarily caused by 
molecular l a t t i ce  v i b r a t i o n s .  As t empera ture   increases   the  
ampli tude of  vibrat ion increases  and average interatomic 
dis tances   changes  accordingly.  The r e s u l t  i s  an  observable, 
macroscopic  dimensional  change.  Molecular  vibrations  can  take 
p l a c e  i n  d i f f e r e n t  modes depending on t h e  v i b r a t i o n a l  f r e -  
quencies.  A s  the  temperature  changes,  different  modes can be 
e x c i t e d  p r e f e r e n t i a l l y  and therefore  the  thermal  expans ion  
c o e f f i c i e n t  may be strongly dependent upon the  tempera ture  a t  
which it i s  measured. 
Materials of low thermal expansion are general ly  those of  
very s t rong interatomic bonding,  i .e . ,  those with high moduli 
o f  e l a s t i c i t y ,  and high melting points.  Figure 1 shows a com- 
pos i t e  g raph  o f  da t a  co l l ec t ed  from Reference 3 - 8  f o r  a 
variety of high modulus,  low expansion mater ia ls  plot ted over  
a w i d e  range of temperature. 
Other  mater ia l s  exhib i t ing  low thermal  expansivi ty  der ive 
t h e i r  c h a r a c t e r i s t i c s  from peculiar molecular arrangements,  
from an i so t rop ic  s t r u c t u r e  o r  from thermally induced crystal lo-  
g r a p h i c  e f f e c t s  which tend t o  compensate f o r  t h e  v i b r a t i o n a l  
la t t ice  expans ion .  These  three  types  are b r i e f l y  d i s c u s s e d  
below. 
E f f e c t s  from pecular molecular arrangement are s t rong ly  
e v i d e n t  i n  c e r t a i n  g l a s s y  m a t e r i a l s .  m a m p l e s  a r e  f u s e d  s i l i c a ,  
t i t an ium s i l icates  such a s  UI;E1 (Ref. 9 ) ,  and  glass-ceramics 
such as  CER-VIT2. These  have  thermal  expansion  coefficients 
t ha t  a r e  c lose  to  ze ro  o r  s l i gh t ly  nega t ive  ove r  ce r t a in  t e m -  
pera ture  ranges .  They e x h i b i t  a .covalently  bonded  ”open”  net- 
work s t r u c t u r e ,  p e r m i t t i n g  r o t a t i o n a l  v i b r a t i o n  modes i n  which 
atoms  can  vibrate   la teral ly   into  vacant   areas .   Thus,  an 
inc rease  in  v ib ra t iona l  ene rgy  o f  t he  ro t a t iona l  mode  may tend 
t o  reduce  the  average  in te ra tomic  d is tance  and expansivi ty  
remains low in the temperature  range where the rotat ional  mode 
i s  dominant.   Consequently,   the  effect  is gene ra l ly   l imi t ed   t o  
a small range of temperatures. 
1 ( G t r a  Low 
2 Registered 
- Expansion) : trademark  Corning  Glass Works 
trademark, Owen, I l l i n o i s ,   I n c  . 
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Anomalous thermal  expansivi ty  can a l s o  arise from crystallo- 
graphic  t ransformations associated with volumetr ic  changes.  
These may par t ia l ly  or  completely negate  the expansive effects 
of  la t t ice  v i b r a t i o n s .  
I n  o r d e r   t o  be u s e f u l  f o r  t h e  c o n s t r u c t i o n  o f  p r e c i s e  
instruments and s t r u c t u r e s  such crystallographic changes must be 
ins tan taneous   and   revers ib le .   Cer ta in   n icke l - i ron   ( Invar )   and  
nickel- t i tanium (Nit inol)  a l loys exhibi t  instantaneous,  marten-  
sic transformations and related ferro-magnetic effects which 
effect ively can compensate  for  thermal  l a t t i ce  expansion over a 
l imited temperature range. 
Highly or iented materials exh ib i t  phys i ca l  an i so t ropy .  A s  
a resu l t  the  thermal  expans ion  in  a p r e f e r r e d  d i r e c t i o n  may be 
extremely  small   (or   negat ive) .  High  modulus g r a p h i t e  f i b e r s  
(Ref. 1 0 )  and t h i n  fi lms of vapor deposited carbon ( R e f .  11) , 
f o r  instance, have been found to  exhib i t  abnormal ly  low and 
negat ive  expans ion  coef f ic ien ts  in  the  d i rec t ion  of  the f ibers 
and i n  t h e  d i r e c t i o n s  p a r a l l e l  t o  t h e  t h i n  f i l m  surface.  This  
e f f e c t  is  apparently always accompanied by abnormally large 
expansivi ty  i n  pe rpend icu la r  d i r ec t ions  no rma l  to  f ibe r  ax i s  
o r  f i lm sur face .  
The concept of using a "composite" design in which thermal 
expans iv i ty  i s  compensated by judicious choice of geometrical 
conf igura t ion  and  mater ia l s  se lec t ion  i s  as o ld  as  the  grand-  
fa ther   c lock.   There,  t h e  pendulum length ,  which determines  the 
t i m e  bea t  o f  t he  c lock ,  i s  held very near ly  constant  by a com- 
b ina t ion  o f  brass and steel  rods supporting the pendulum bob. 
Unfo r tuna te ly ,  t he  s t ruc tu ra l  e f f i c i ency  o f  t h i s  a r r angemen t  i s  
poor. 
Taking a cue from t h e  low thermal expansion observed in open 
molecular networks and highly oriented crystallographic s t r u c -  
t u r e s ,  a composite texture can be devised in  which axial  
expansivi ty  i s  minimized a t  t h e  c o s t  o f  a h igh  t ransverse  
expansion.  Examples  of  such a s t r u c t u r e  made from conventional 
mater ia l s  of  cons t ruc t ion  a re  examined in  the  fo l lowing  sec t ion .  
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3 .  THERMAL STRAIN OF SYMMETRICAL BINARY GRIDS 
Consider a gr idwork consis t ing of  two interconnected trellis 
cons t ruc t ions  made from two sets, "A" and "B" , o f   s t r a i g h t  
p a r a l l e l  r o d s  as shown schemat ica l ly  in  F igure  2. Each trellis 
i s  made from one o f  t h e  two m a t e r i a l s ,  and i t s  geometry i s  
charac te r ized   by   the  t re l l i s  angles  28A and 2813 . Two 
o r thogona l   p r inc ipa l   d i r ec t ions ,  "1" and "2" are   def ined  
b y  t h e  b i s e c t o r s  o f  t h e  trell is  angles .  The composite  gridwork 
is  produced by pin connecting the two trell ises a t  t h e i r  p o i n t s  
o f  i n t e . r sec t ion ,  such  tha t  t he  p r inc ipa l  d i r ec t ions  o f  bo th  
trell ises c o i n c i d e ,  a n d  s u c h  t h a t  a l l  j o i n t s  a r e  f r e e  t o  r o t a t e .  
I t  can be shown tha t  t he  b ina ry  g r idworks  a re  hype r s t a t i c ,  
b u t  that  uniform temperature  changes throughout  the s t ructure  do 
no t  cause thermal stresses. Therefore,  a purely  kinematic 
ana lys i s  o f  t he  the rma l  s t r a in  t enso r  can  be der ived from t h e  
s t r a i n  c i rc le  diagram shown in Figure 3 .  
A unit  temperature change w i l l  produce thermal  s t ra ins ,  a1 
and a2 , i n  t h e  p r i n c i p a l  d i r e c t i o n s  and a thermal   shear ing 
s t r a i n  r e p r e s e n t e d  b y  t h e  r o t a t i o n  a t  t h e  p i n  j o i n t s  p r o p o r t i o n a l  
t o   t h e   r a d i u s ,  r , of   the  c i rc le .  The relations  between  thermal 
s t r a i n s  of the  gr id  and  i ts  p r o p e r t i e s  are obtained by in spec t ion  
from Figure 3 .  
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Note that the underlying assumption for the geometry of Figure 3 
is  t h a t  
The c o n d i t i o n  t h a t  a,l = 0 ( i .e . ,  a t h e m a l l y  stable s t r u c t u r e  
i n   t h e  "1" d i r e c t i o n )   r e q u i r e s   t h a t  
2 
2 
aA 
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Figure 4 shows the  dependence  between 8, and pB f o r   t h i s  
case,  assuming a thermal  expansion  ratio,  uA/ag = 0.365 which 
i s  representat ive for  the t i tanium-aluminum com i n a t i o n  (see 
Fig.  6 )  . 
A somewhat surpr i s ing  observa t ion  from t h i s  a n a l y s i s  relates 
t o  t h e  a n i s o t r o p y  of these  thermally  compensated  gridworks. As 
pA decreases ,  PB decreases a l s o .  Hence, a thermally stable 
gridwork can be cons t ruc t ed  in  wh ich  a l l  t rell is  elements become 
n e a r l y  p a r a l l e l  a n d ,  t h e r e f o r e ,  a l s o  p r o v i d e  h i g h e s t  s t i f f n e s s  
and s t r e n g t h  i n  t h e  "stable" direc- t ion.  This concept i s  c l e a r l y  
limited by  the  ex t remely  la rge  t ransverse  expans ion  coef f ic ien ts ,  
a2 , and r o t a t i o n s ,  r , t h a t  must be accommodated as both  PA 
and p~ approach  zero. 
From the  foregoing  ana lys i s  i t  i s  evident  that  the tempera-  
tu re  range  of  s tab i l i ty  depends  on the range over which the 
r a t io  o f  expans ion  coe f f i c i en t s  o f  t he  two materials i s  inde- 
pendent of temperature. 
The v a r i a b i l i t y  of expans ion  coe f f i c i en t s  fo r  f ive  conven- 
t i o n a l  s t r u c t u r a l  materials i s  p l o t t e d  i n  F i g u r e  5 over  the  
range  from -200 t o  +200 OC. The r a t i o  o f  selected combinations 
of these  materials is shown i n  F i g u r e  6. Based  upon these  data,  
the combination titanium/aluminum is selected for  the  des ign  of  
t h e  tes t  s t r u c t u r e s  described i n  t h e  f o l l o w i n g  s e c t i o n .  
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4. EXPERIMENTS 
4 .1   Tes t   S t ruc tu res .  
Four  b ina ry  g r id  s t ruc tu res  w e r e  made fran aluminum 
2024T3 and t i t an ium Ti-6Al-4V a l l o y .  To s impl i fy  the  cons t ruc-  
t i o n  of t h e   g r i d s ,  pB = 90a was chosen for a l l  models. The 
t es t  models are shown i n  F i g u r e s  7 and 8. The three models 
shown in  F igure  7.. d i f f e r  on ly  by  the i r  ang le  PA o f  the  
t i t an ium g r id .  The s t r i p s  f o r  t h e  g r i d s  are c u t  3/16 in.   wide 
from 1/16 i n .  t i t a n i u m  and aluminum al loy  sheet   s tock.   These 
s t r i p s  are . jo ined  a t  t h e i r  i n t e r s e c t i o n s  w i t h  c l o s e l y  f i t t i n g  
screws t o  form t h e  g r i d s .  The fourth  model,  shown i n  F i g u r e  8 ,  
uses  "z ig-zag"  s t r ips  1/8 in.  wide  machined  from 3/8 i n .  t i t an ium 
a l l o y  p l a t e  s t o c k .  Aluminum a l loy  rods  o f  1/4 in .  d i ame te r  a r e  
used as t ransverse   spacers .   These   rods   a re   in te rna l ly   th readed  
a t  the ends and the whole model i s  assembled by cap screws and 
shor t  th readed  rods .  
Table I l is ts  the per t inent  geometr ical  dimensions of  the 
four models. 
TABLE I. 
6 
4.2 Experimental  Methods. 
The samples w e r e  immersed i n t o  a chamber containing a 
tempera ture   cont ro l led   l iqu id  (LEXAN*). The chamber i s  equipped 
wi th  an o p t i c a l   q u a l i t y  window which permits optical measure- 
ments. 
Temperature control w a s  accomplished by circulating the 
l i q u i d  from a temperature  control led reservoir  through the 
chamber  and  back i n t o  t h e  r e s e r v o i r .  The tempera ture  in  the  
chamber w a s  measured by laboratory mercury thermometers immersed 
i n  t h e  chamber w i t h  t h e i r  bulbs p l aced  nea r  t he  l i qu id  in l e t  and 
o u t l e t  l o c a t i o n s . ,  Accuracy  of  temperature  measurements i s  
estimated t o  be 2 0.2OC. 
A secondary thermal expansion standard in the form of a 
molybdenum s t r i p  w a s  f i x e d  t o  one  end  of the  samples. The 
r e l a t i v e  motion of bench marks on the  o the r  end of the sample 
and on the  s tandard  w e r e  observed with an o p t i c a l  image 
s p l i t t i n g  d i l a t o m e t e r  mounted on a Gaertner  te lemicro-  
scope. 
The o p t i c a l  image sp l i t t i ng  d i l a tome te r  u sed  i n  the  exper i -  
menta l  inves t iga t ion  w a s  s u b j e c t e d  t o  a n  e r r o r  a n a l y s i s .  It w a s  
determined that  it could reproducibly measure distances corres- 
ponding t o  5 2 d iv i s ions ,  each  d iv i s ion  co r re spond ing  to  a 
length  of 81 x i n .  For  a t y p i c a l  sample  of four-inch  base 
length, measured over a 1 0 0 ° C  tempera ture  range ,  th i s  provides  
a t h r e s h o l d  s e n s i t i v i t y  of 0.2 x 10-6/0C for the thermal expan- 
s ion  coe f f i c i en t  de r ived  from a s i n g l e  t es t  run. 
Each tes t  consis ted of  a complete heating and cool ing  cyc le  
between room temperature and 120°C, wi th  d i la tometer  readings  
made a t  approximately 10°C i n t e r v a l s .  Thermal  expansion 
c o e f f i c i e n t  v a l u e s  w e r e  obtained from these  measurements by 
p l o t t i n g  t h e  data and determining the average slope of a best 
f i t t i n g  l i n e  through the tes t  po in t s .  
The molybdenum secondary standard,  the two forms of t i t an ium 
materials, and the  two forms of aluminum m a t e r i a l s  used i n  t h e  
Ti -A1 g r i d  s t r u c t u r e s  w e r e  subjected to  thermal  expansion measure- 
ments by direct comparison with a pr imary  s i l ica  s tandard  suppl ied  
by the Nat ional  Bureau of Standards.  The g r i d s  w e r e  measured 
aga ins t  the  prev ious ly  ‘ca l ibra ted  molybdenum secondary standard. 
*Trademark 7 
4.3  Results.  
Typica l  d i la tometer  da ta  obta ined  dur ing  these  tests 
are shown i n  F i g u r e  9. An e r r o r  a n a l y s i s  w a s  performed f o r  a l l  
tests as follows. 
Standard error  = 
where n = number of tests 
a,  a = i nd iv idua l  and mean tes t  va lue ,  r e spec t ive ly .  
- 
R e s u l t s  of t h e  measurements and standard error are shown i n  
Tables I1 and 111. Table I11 a l s o  l ists  the  pred ic ted  expans ion  
c o e f f i c i e n t s  f o r  t h e  f o u r  g r i d s  c a l c u l a t e d  from formulas given 
in  the  p rev ious  sec t ion .  
TABLE 11. THERMAL EXPANSION  COEFFICIENT FOR BASIC MATERIALS. 
Material 
Molybdenum (secondary 
s tandard)  
Titanium Ti-6A1-4V: 
Shee t  fo r  g r ids  I ,  11, I11 
Plate s t o c k  f o r  g r i d  I V  
Aluminum 2024T3: 
Shee t  fo r  g r ids  I ,  11, 111 
Rod s t o c k  f o r  g r i d  I V  
'Thermal Expansion Coefficient 
1 10-6/0c 
~ N u m b e r  I Mean - 1 Standard of T e s t s  Value u Er'ror 
4 
2 
20.21 1 23.42 +0.52 3 
I I 4 
8 
TABLE III. THERMAL'EXPANSION COEFFICIENTS 
O F  BINARY G R I D  STRUCTURES 
_ _  " . . . . . .  " . .  
Grid. Type 
-. . . - .. . . . . ~ . . 
I 
. . ~. 
I 
I1 
(Loose j o i n t s )  
(T igh t  j o in t s )  
I11 
.. "" - - 2 L T  Thermal Expansion Coefficient 1 . . . . . . . .. - . . . . . . - 
L._ ____ . - lP-6/"c 
No.  Of 
Value Err.or Value Tests 
Calculated Standard Mean 
. . . . . - . - - - .  . . . .~ .. - - " "_ , ~ ~ ~~~~~~ 
3 3.8 - "0.12 4.76 
2 
-20.08 - "0.39 -14.64 2 
- - 1-0.04 0.11 2 
-1.95 +0.55  -0.95 
3 -2.79 "0.26 -0.01 
. . . . . .  
- 
" .  
The experimental resu l t s  ind ica t e  expans iv i t i e s  gene ra l ly  some- 
what la rger  than  those  ca lcu la ted  assuming f ree ly  ro ta t ing  jo in ts .  
Some h y s t e r e s i s  and s c a t t e r  o f  d a t a  was observed  in  gr ids  I, 11, 
and I11 when tes ted  wi th  loose  jo in ts .  Reproducib i l i ty  was 
s i g n i f i c a n t l y  improved by t i gh ten ing  the j o i n t  screws in  Gr id  11. 
The r e su l t i ng  add i t iona l  j o in t  s t i f fnes s  inc reased  the rma l  
expansivi ty  of  this model from -0.95 t o  +0.11 x 10-6 OC-l. Grid 
I V  was del iberately designed "over  compensated" s ince joint  rota-  
t i o n  i s  absent .  The e f f e c t  o f  e las t ic  r e s t r a i n t  i n  t h e  f l e x u r e  
motion was thereby compensated and an essentially zero expansion 
s t r u c t u r e s  w a s  obtained. 
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5. CONCLUSIONS 
This program demonstrated that nearly perfectly compensated 
binary composite gridwork structures can be produced from 
t i tan ium and  aluminum. B e s t  results have been obtained with a 
t i tanium  grid  assembled  with aluminum spacers .  The probable 
the rma l  expans ion  coe f f i c i en t  o f  t h i s  s t ruc tu re  i s  of order 
l O - * / O C ;  s u f f i c i e n t l y  s m a l l  t o  become comparable t o  micro- 
s t r a in  e f f ec t s  i nhe ren t  i n  conven t iona l  ma te r i a l s  o f  cons t ruc -  
t i o n .  The measured  expansivity i s  uniform  within  instrumental  
error over the measured range from room temperature  to  12OOC.  
The tempera ture  coef f ic ien t  var iab i l i ty  of  the  mater ia l s  used  
i n  the  des ign  are such  tha t  good t empera tu re  s t ab i l i t y  may be 
expected over a range from -200 t o  +25OoC. 
10 
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Figure 1. Linear  Thermal  Expansion  Coefficient from Room 
Temperature to Indicated  Temperature  for  Various  Materials. 
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Figure 4 .  Geometrical  Condition f o r  Gridwork. 
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Figure 5. Linear T h e r m a l  Expansion C o e f f i c i e n t  from F.oorn 
Temperature to Indicatcc? Temperature for Some  Metals. 
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Figure 6. Thermal Explansion Ratios for Five  Metal Combinations. 
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Figure  7 .  Binary Grid T e s t  S t r u c t u r e s ,  Models I, 11, and I11 
17 
Figure  8. B ina ry   Gr id   Tes t   S t ruc tu re ,  Model I V  
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Figure 9. Length  Changes as a  Function of Temperature,  Grid I 
Base  Length = 5.386 in. 
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